DNA Block Copolymer Micelles – A Combinatorial Tool for Cancer Nanotechnology by Alemdaroglu, Fikri E. et al.
  
 University of Groningen
DNA Block Copolymer Micelles – A Combinatorial Tool for Cancer Nanotechnology





IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2008
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Alemdaroglu, F. E., Alemdaroglu, N. C., Langguth, P., & Herrmann, A. (2008). DNA Block Copolymer
Micelles – A Combinatorial Tool for Cancer Nanotechnology. Advanced materials, 20, 899-902.
https://doi.org/10.1002/adma.200700866
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the







 DNA Block Copolymer Micelles – A Combinatorial Tool for Cancer Nanotechnology** 
 






I.  General Considerations        2 
II. Synthesis of DNA-b-PPO Diblock Copolymers     3 
III. Synthesis of Oligonucleotide-Folic Acid (FA) Conjugates   4 
IV Functionalization of Micelles with FA and Characterization by DLS  5 
V  Quantification of Relative Gene Expression Levels by real-time PCR  6 




I. General Considerations 
 Unless otherwise stated, materials were obtained from commercial suppliers and used without 
further purification. The poly(propyleneglycol) monobutyl ether, N-diisopropyl-2-cyanoethyl-
chlorophosphoramidite, diisopropylethylamine were purchased from Aldrich. The dimethoxytrityl 
(DMTr) protected phosphoramadites were purchased from Proligo (Germany). DNA block 
copolymers were synthesized using AKTA Oligopilot (Amersham Biosciences, Sweden).  
Tetramethylenesilane and triphenylphosphine were used as the references for the 1H NMR and 31P 
NMR spectra, respectively. The spectra were recorded on Bruker AMX 250 (250MHz) or DRX 500 
(500 MHz) spectrometers. Molecular weights were determined using matrix-assisted laser 
desorption/ionisation time-of-flight (MALDI-TOF), and the spectra were recorded on a Bruker 
MALDI-TOF (Reflex-TOF) mass spectrometer. Size exclusion chromatography (SEC) analysis was 
done in THF against polystyrene standard using a Soma UV/ERC RI detector and a pump from 
Waters Corporation (USA). Confocal laser scanning microscopy measurements were carried out 
with a LSM 510 laser scanning module coupled to a Zeiss Axiovert 200M inverted microscope. In 
all experiments, MilliQ standard water (Millipore Inc., USA) with a typical resistivity of 
18.2MΩ/cm was used.  Spectrophotometric assays and fluorescence measurements were conducted 
using a SpectraMax M2 plate reader (Molecular Devices, USA). Oligonucleotides were quantified 
spectrophotometrically at a wavelength of 260 nm and by denaturing polyacrylamide gel 
electrophoresis (PAGE) followed by staining with ethidium bromide and UV transillumination. The 
densiometric quantification was determined using the GelPro programme distributed from Intas 
GmbH (Germany). Caco-2 cells were obtained from DSMZ (Deutsche Sammlung von 
Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany). All the cell culture media 
and supplements were purchased from Biochrom AG (Berlin, Germany). HEPES was provided 
from Merck (Darmstadt, Germany). RNA STAT-60TM was purchased from Tel-Test Inc. 
(Friendswood, TX, USA). DNA-freeTM purification kit was obtained from Ambion Ltd. 
(Cambridgeshire, UK). SuperScriptTM First-Strand Synthesis System for RT-PCR, sense, and 
antisense primers were purchased from InvitrogenTM Ltd. (Paisley, UK). ExpandTM High Fidelity 
PCR System Kit was provided from Roche Diagnostics GmbH (Mannheim, Germany). 
GeneRulerTM was purchased from Fermentas GmbH (Leon-Rot, Germany). QuantiTect Probe RT-
PCR Kit and RNeasy Mini Kit were from Qiagen GmbH (Hilden, Germany). Sense and antisense 
primers and TaqMan probes for real-time PCR were purchased from Operon Biotechnologies 












II. Synthesis of DNA-b-PPO Diblock Copolymers 
 
The preparation of ss DNA-b-PPO diblock copolymers, and the formation of micelles were carried 
out as described previously.1 Oligonucleotides were quantified spectrophotometrically at a 

































Figure 1.  Characterization of DNA block copolymers by (A) MALDI-TOF mass spectrometry and 




III. Synthesis of Oligonucleotide-Folic Acid Conjugates 
 
 
The synthesis of ss DNA-folic acid (FA) conjugates was carried out by mixing 5’-amino-modified 
oligonucleotide (TAACAGGATTAGCAGAGCGAGG, 22mer, Mw = 6950 g/mol) (30 µmol) with 
folic acid (100 µmol) in the presence of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMT-MM) (35µmol) in 1 ml of water. The mixture was allowed to 
react for 12 h at room temperature. The conjugate was purified using 20 % denaturing PAGE. After 
excision the bands were dialyzed against water for 24 hours. Subsequently, the DNA block 
copolymers were lyophilized yielding 60 % ss DNA-FA conjugate. Characterization of the products 
was carried out by PAGE and MALDI-TOF mass spectrometry. 
 
 
Figure 2. The MALDI-TOF mass spectrum of ss DNA-FA conjugate (Found: 7385  g/mol 




































IV Functionalization of Micelles with Folic Acid and Characterization by DLS  
DNA-b-PPO copolymers were hybridized in different ratios with the targeting unit-bearing 
oligonucleotides. The hybridization was carried out by dissolving ss DNA-b-PPO diblock 
copolymer and the ss DNA-FA conjugate in TAE buffer (20 mM 
tris(hydroxymethyl)aminomethane-HCl, pH 8.0; 10 mM acetic acid, 0,5 mM EDTA) containing 
Na+ (100 mM) and Mg2+ (60 mM). The mixture was heated to 95°C and was slowly cooled to room 
temperature over the course of 3 days (1 degree per hour) by using a polymerase chain reaction 





ss DNA-FA conjugate 
ss DNA 
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Characterization of DNA-PPO Block Copolymer Micelles  
The effective hydrodynamic diameter of the micelles was measured by dynamic light scattering 
(DLS) at 25 °C using a dynamic light scattering photometer (ALV 5800, Avalanche Photodiode) 
equipped with He-Ne laser at a wavelength of 632 nm. The data were gathered and processed using 
the ALV 5000/E software. The samples were prepared in buffer medium and measured at a 
concentration of 2 mg/ml.  For each micelle system the measurements were carried out in triplicate.  
 















Figure 4. Correlation function of the PPO-b-DNA diblock copolymers with increasing FA moieties 





V. Quantification of Relative Gene Expression Levels of Folate Receptors by real-time PCR 
Preparation of the Caco-2 Monolayers for RT-PCR and Real-Time PCR 
 
Caco-2 cells (passage 27, 54 and 62) were split and seeded into 24-well plates with a density of 
100,000 cells/well. The medium was changed three times a week. The development of the 
monolayers was examined under the microscope until the 16th day. Total cellular RNA both for RT-
PCR and for real-time PCR was isolated from Caco-2 monolayers on the 16th day post-seeding.  
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Isolation of Total Cellular RNA, Reverse Transcriptase Reaction, PCR and Gel 
Electrophoresis 
 
For the investigation of some of the known transport routes of folates into the cells, and additionally 
the effect of passage number on the expression of the transport systems, one younger (passage 27) 
and one older (passage 62) passage was used. The RNA was isolated from the cells using RNA 
STAT-60TM according to the company’s protocol for RNA isolation. The obtained RNA pellet was 
dried by air-drying. 25 µl of RNase-free water was added to dissolve the RNA, that was 
subsequently purified using a DNA-freeTM purification kit. 
The integrity of the isolated RNA was checked by standard gel electrophoresis with 1% agarose. 
The total RNA was reversely transcribed into cDNA by using SuperScriptTM First-Strand Synthesis 
System for RT-PCR according to the manufacturer’s guidance. cDNA obtained after reverse 
transcription was then amplified by PCR. The sequences of primers used in this study are shown in 
Table 1.  
 
 









Table 1. The sequences of the sense and antisense primers for RFC, FRα and FRβ (5' to 3') used in 
the RT-PCR reaction. “S” represents sense and “AS” represents antisense primers. 
 
The product sizes were 189 bp for RFC, 234 bp for FRα and 201 bp for FRβ. PCR was employed 
using the ExpandTM High Fidelity PCR system kit. Each reaction mixture contained 95 µl water, 20 
µl 10x buffer, 40 µl enhancer, 4 µl dNTPs, 1 µl Taq polymerase and 20 µl cDNA. PCR 
amplification consisted of 40 cycles of 1 min denaturation at 94°C, 1.30 min annealing at 58°C and 
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2 min extension at 72°C. Subsequently, the amplified PCR products were analyzed by 2% agarose 






Figure 5. Ethidium bromide-stained agarose gel of PCR products. P27: Lane 1, RFC; lane 2, FRα; 
lane 3, FRβ and P62: lane 4, RFC; lane 5,  FRα; lane 6, FRβ. The gel electrophoresis of the PCR 
product clearly showed the similarity of younger and older passage by means of the three folate 
transport routes. 
 
Isolation of Total Cellular RNA, Quantification of Isolated RNA and Reverse Transcriptase 
Real-Time PCR Reaction 
 
For this purpose, Caco-2 cells (passage 54) were seeded on 24-well plate with a concentration of 
100,000 cells/well. On the 16th day, total RNA was extracted from Caco-2 cell monolayers using 
the RNeasy Mini Kit according to the instructions of the manufacturer. 
 
Quantification of isolated RNA was based on spectrophotometric analysis. 3 µl of isolated RNA 
together with 97 µl of RNase-free water was read at 260 nm wavelength against RNase-free water 
that served as blank.  
 
To perform the real-time PCR, a QuantiTect Probe RT-PCR Kit was used. The reactions were run 
in a real-time PCR instrument. The sequences of TaqMan probes, sense and antisense 




Gene Symbol TaqMan Probes (5' to 3') 
RFC SLC19A1 5' FAM-TCCGCAAGCAGTTCCAGTTATACTCCG-TAMRA 3' 
FRα FOLR1 5' FAM-CATTTCTACTTCCCCACACCCACTGTT-TAMRA 3' 
FRβ FOLR2 5' FAM-TTGTTAACTCCTGAGGTCCAGTCCCAT- TAMRA 3' 
 




Table 2 The sequences of the TaqMan probes for RFC, FRα and FRβ used in RT real-time PCR 
reaction.         
 
 










Table 3 The sequences of sense and antisense primers for RFC, FRα and FRβ used in RT real-time 
PCR reaction. 
 
Quantitative TaqMan PCR was performed in 96-well plates using a final volume of 25 µl. The 
components and volume of each component for the reaction were as shown in Table 4. 
 
Component Volume [µl] 
Sense primer [10 µmol/L] 2 
Antisense primer [10 µmol/L] 2 
Taqman probe [10 µmol/L] 1 
RT-PCR Master Mix 12.5 
QuantiTect Probe RT Mix 0.25 
dNTPs 0.5 
MgCl2 1.75 
Template RNA [0.1 µg/µl] 5 
TOTAL 25 
 
Table 4 The components and volume of each component for Quantitative TaqMan PCR. 
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The reaction tubes were prepared as above and were placed in the real-time PCR instrument. The 
reaction was performed starting with a 30 min reverse transcription reaction at 50°C followed by 
the activation of Taq polymerase for 15 min at 95°C. 50 cycles of denaturation at 94°C for 15 s and 
combined primer annealing/extension at 60°C for 1 min were employed. The fluorescence increase 
of FAM was automatically measured during PCR.  
For normalization of the gene levels, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used to correct for minor variations in the input RNA amount or inefficiencies in the reverse 
transcription. The relative expression level of the target gene was normalized to the endogenous 
control according to the equation below: (target) control 
( ) ( )controltarget TTT CCC −=∆    
where CT is the cycle number at the threshold and ∆CT is the difference between the CT values of 
the target and the normalizer. SLC19A1 (RFC gene) was chosen as the reference for the 
comparison. The comparative ∆∆CT is the difference between each sample`s ∆CT and the 
reference`s ∆CT. Accordingly, the comparative expression level was calculated with the formula: 
TC∆∆−2   


































Figure 6. Relative gene expression levels ( TC∆∆−2 ) of FRα and FRβ to RFC which were normalized to GAPDH in 







VI. Cytotoxicity and Uptake Experiments 
 
Culturing  and Preparation of Caco-2 for uptake studies: 
Caco-2 cells (passage number 45) were cultured at 37 °C in an atmosphere of 5% CO2 and 90% 
relative humidity in 75 cm2 cell culture flasks containing Dulbecco`s modified Eagle`s medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% nonessential amino acids, 100 
U/ml penicillin and 100 µg/ml streptomycin. The cells were routinely split and seeded into 6-well 
plates (NunclonTM Multidishes, Life Technologies GmbH, Karlsruhe, Germany) with 800.000 
cells/well. The medium was changed three times a week. The development of the monolayers was 




For the determination of the toxicity of the micelles, Caco-2 cells were seeded in 96-well plates at a 
concentration of 2500 cells/well. The cytotoxicity of the nanoparticles was checked using an XTT 
in vitro toxicology assay kit following the procedure of the manufacturer (Sigma-Aldrich Chemie 
GmbH, Steinheim, Germany). On the 21st day post-seeding, the cell monolayers were washed once 
with HBSS containing 5 mmol/L HEPES adjusted to pH 7.4. Cells were incubated with different 
micelle solutions at a DNA-b-PPO concentration of 325 µg/ml for 3 h at 37°C (in the case of dox-
loaded micelles, 24 h of incubation time was employed). After the incubation period, the medium 
was removed, monolayers were washed once with the buffer solution and the reconstituted XTT 
was added into each well with a volume of 100 µl and incubated for 2 h at 37°C. Subsequently, 
absorbance was measured at a wavelength of 450 nm. A reference measurement was also taken at a 
wavelength of 690 nm and subtracted from the measurement at 450 nm. The cytotoxicity of folic 
acid conjugated nanoparticles were compared with the cells without any treatment (control). 
































Figure 7. Viabilities of Caco-2 cell monolayers exposed to different folic acid conjugated 




Caco-2 cells with a passage of 57 were seeded on 6-well plates with a density of 800,000 cells/well. 
The medium in each well was changed every other day. On day 21, the medium was removed and 
monolayers washed two times with HBSS containing 5 mmol/L HEPES adjusted to pH 7.4. 
Incubation mixtures were prepared in pH 7.4 HBSS buffer at a DNA-b-PPO concentration of 325 
µg/ml for Out 28, Out 11, Out 2, In 28, In 11 and In 2. After incubating with 2 ml of micelle 
solutions for 3 h at 37°C on a rotating shaker at 50 rpm, incubation solutions were removed and the 
monolayers were washed five times with ice-cold HBSS (pH 7.4). Subsequently, cells in each well 
were lyzed with 0.6 ml of 1.25 mmol/L NaOH, cell lysates were transferred into eppendorf tubes 
and shaken overnight at room temperature. The next day, lysates were centrifuged and the 
fluorescence content of the supernatant in each tube was measured (Exc: 500 nm, Em: 595 nm). 
Experiments were carried out in triplicates and the resulting data were expressed as % of control 




Confocal laser scanning microscopy: 
For the microscopy analysis, Caco-2 cells were seeded at a density of 20,000 cells/cm2 on chamber 
slides (Lab-Tek Chamber Slide System, Nunc, Germany). The cell monolayers were incubated 
with 325 µg/ml of the DNA-b-PPO labeled with Alexa488 for 3 h, washed 5 times with pH 7.4 
HBSS and after the addition of 100 µl of buffer the monolayers were analyzed with confocal laser 
scanning microscopy (excitation 488nm).  
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